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Freshour, Judy R., Sharon E. Chase, and Karen L.
Vikstrom. Gender differences in cardiac ACE expression are
normalized in androgen-deprived male mice. Am J Physiol
Heart Circ Physiol 283: H1997-H2003, 2002. First published
July 18, 2002; 10.1152/ajpheart.01054.2001.—Gender differ-
ences have been described in the response of the cardiovas-
cular system to a number of stimuli, including ventricular
remodeling in response to pressure overload, but the molec-
ular basis for these differences remains unclear. Because
gender differences in the cardiac expression of angiotensin-
converting enzyme (ACE) could contribute to differences in
myocardial remodeling, we examined myocardial ACE ex-
pression in age-matched male and female mice. Ventricular
ACE was more abundant in male than female mice at both
mRNA and protein levels. These differences became appar-
ent once the mice reached sexual maturity and became more
pronounced with increasing age. The influence of mouse
gonadal status on ventricular ACE expression was also
examined. Oophorectomy slightly increased ACE levels in
female mice, whereas ventricular ACE levels were substan-
tially decreased in androgen-deprived males. The antitheti-
cal changes in ventricular ACE abundance seen in agonadal
male and female mice suggest that testosterone as well as
estrogen may play a role in regulating ACE expression in the
heart.

angiotensin; angiotensin-converting enzyme; gene expres-
sion; estrogen; testosterone

THE LOWER INCIDENCE of cardiovascular disease in pre-
menopausal women compared with men and post-
menopausal women has lead to the hypothesis that
estrogens are cardioprotective. However, the Heart
and Estrogen/Progestin Replacement Study failed to
demonstrate decreased cardiovascular risk in post-
menopausal women receiving estrogen replacement
therapy (21). Moreover, epidemiological evidence sug-
gests that the male gender is a risk factor for cardio-
vascular disease, but it is unclear what role androgens
play in modulating cardiac gene expression. Consider-
ation of these facts raises the following questions: 1) do
both estrogens and androgens contribute to gender
differences in the heart, and 2) what influences do
these hormones have on the molecular phenotype of
the heart in pathological states?
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After menopause, the incidence of cardiovascular
disease increases in women as estrogen levels de-
crease. Because the postmenopausal drop in estrogen
levels may contribute to the increased risk of cardio-
vascular disease, significant efforts have been spent
identifying estrogen-responsive behaviors of the heart
and vasculature (for reviews, see Refs. 16, 27, and 32).
Cardiovascular adaptations that have been demon-
strated to be influenced by circulating estrogen levels
include the vascular proliferative response to injury
(14) and the development of endothelial dysfunction
(44) and cardiac hypertrophy (37, 39). The influence of
estrogens on these cardiovascular adaptations may re-
flect underlying transcriptional changes mediated by
ligand-bound estrogen receptors of genes such as en-
dothelial nitric oxide synthase (29) or cyclooxygenase
(22). Alternatively, nontranscriptional effects of estro-
gen may be involved. It is clear that estrogen levels
have a profound impact on cardiovascular function in
females, but can we account for the lower incidence of
cardiovascular disease in premenopausal women
through estrogenic effects only? To answer this ques-
tion requires a complete accounting of gender differ-
ences in cardiovascular biology and the role of sex
hormones in modulating those differences.

Numerous gender-specific differences have been de-
scribed in the cardiovascular system of humans and
experimental animals. For example, several measures
of cardiac performance (coronary flow, end-diastolic
volume, stroke work, ejection fraction, and fractional
shortening) are greater in male rats than in female
rats when hearts of equivalent size are compared (35).
Gender differences also have been demonstrated in the
response of rats to catecholamines, hypoxia, physical
training, or increased afterload (3, 28, 33, 34, 43, 46). A
gender difference in cardiomyocyte size also has been
described with larger cardiomyocytes found in adult
male rats than in females (2). At the molecular level, it
is likely that gender differences in cardiac physiology
and pathophysiology reflect the sum of differential
expression/activity of numerous molecules that impact
cardiac function. The twofold greater phospho-Akt
(protein kinase B) seen in female mouse hearts com-
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pared with males (8) is one gender difference that has
recently been identified.

It has been proposed that increased angiotensin-
converting enzyme (ACE) abundance in the hypertro-
phied and failing heart may contribute to the local
generation of angiotensin II and impact cardiac remod-
eling through local paracrine or autocrine effects (1,
45). In this report, we demonstrate a gender difference
in the expression of ACE in the murine heart that
suggests that differences in the cardiac expression of
ACE could contribute to the gender differences in car-
diac adaptation to stimuli such as physical training,
hypoxia, or remodeling in response to pressure over-
load.

METHODS

Animal husbandry. Mice were maintained on a 10:14-h
light-dark cycle in microisolator cages with free access to
water and food. Swiss-Webster and C57/BL6 mice were pur-
chased from Taconic Farms and Jackson Laboratories, re-
spectively. A previously described transgenic mouse model
for hypertrophic cardiomyopathy was also used for this
study. These animals express a mutant a-myosin heavy
chain with expression driven by a rat a-heavy chain promoter
(for details, see Ref. 41). The transgenic line was maintained
by crossing transgenic males with C57BL/6J females (Jack-
son Laboratories). Pups were genotyped by PCR, and non-
transgenic littermates were used for age-matched controls.

Surgical procedures. Atropine sulfate (0.08 mg/100 g ip)
was administered to 6- to 8-wk-old mice, and the animals
were then anesthetized with ketamine (42 mg/100 g body wt
ip) and xylazine (2 mg/100 g body wt ip). In males, the testes
were exposed via bilateral midscrotal incisions, the vas
deferens was ligated with 5-0 coated vicryl, and the caudal
epididymis and testes were removed. In females, a small
transverse incision was made at the approximate level of the
last rib, another incision was made through the body wall,
and the fat pad was pulled through the opening to expose the
ovaries. The fallopian tubes were ligated, and the ovaries
were removed. Analgesia was administered postoperatively
(0.05-0.1 mg/kg sc buprenorphine) and as needed for 2—-3
days after the surgery. Animals were euthanized, and tissues
were collected 5 mo after the surgery. All animal protocols
were approved by the Committee for the Humane Use of
Animals at the State University of New York Upstate Med-
ical University.

RNA analysis. Animals were euthanized humanely, and
their hearts were excised. After being rinsed in Krebs-Hense-
leit buffer (118 mM NaCl, 4.7 mM KCI, 2.52 mM CaCls, 1.64
mM MgSOy4, 25 mM NaHCO3;, 1.18 mM KH3;PO,4, 5.55 mM
glucose, and 2.0 mM sodium pyruvate), the right ventricle
(RV) was dissected free from the left ventricle (V) and
septum under a stereomicroscope. The tissues were flash
frozen in liquid nitrogen and stored at —70°C. Total RNA was
isolated using the guanidinium-acid phenol method (10), and
ACE mRNA levels were then measured using an RNase
protection assay. A riboprobe specific for the somatic isoform
of mouse ACE was generated by amplifying a 272-bp cDNA
(gb:J03940, nucleotides 69—341) by RT-PCR. The PCR prod-
uct was subcloned into the pCR-Script vector (Stratagene;
Ladolla, CA), and the sequence was verified. The mouse
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA
clone (gh:M32599, nucleotides 590—-754) was generously pro-
vided by Dr. Brian Liu. Plasmids were linearized, and anti-
sense riboprobes were synthesized using T3 RNA polymerase
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(GIBCO-BRL; Gaithersburg, MD). To compensate for the
much greater abundance of the GAPDH transcript, ACE and
GAPDH riboprobes were synthesized at different specific
activities (3.92 X 108 and 7.38 X 107 counts'min l-pg 1,
respectively). The linearity of the assay was verified for both
probes; 5 X 10* counts/min of each probe and 4.5 g of total
RNA were used in the RNase protection assay. RNA and
diethyl pyrocarbonate-treated (DEPC) water were combined
in a total volume of 8 pl, and 42 pl of buffer-containing probe
were then added [final concentration: 72.24% formamide,
0.84 mM EDTA (pH 7.4), 0.3612 M NacCl, and 42 mM PIPES
(pH 6.9)]. Samples were heat denatured at 85°C and then
incubated overnight at 55°C. The samples were digested in a
final concentration of 18 mM Tris (pH 7.4), 0.27 M NacCl, 4.54
mM EDTA (pH 7.4), 110 U/ml RNase T1, and 1.0 pg/ml
RNase A (RPA grade enzymes, Ambion). After RNase diges-
tion, the samples were extracted with phenol-chloroform,
ethanol precipitated, and resuspended in formamide loading
dye [0.05% bromphenol blue, 0.05% xylene cyanol, 20 mM
EDTA (pH 8.0), and 86% formamide]. The samples were
separated on a 30 X 40-cm, 6% acrylamide-8 M urea gel. A
radiolabeled DNA ladder (SeqaMark, Research Genetics)
was included for a size reference. After electrophoresis, the
gel was dried and used to expose a Phosphoimager screen
(Molecular Dynamics). The data were quantified using Quan-
tity One software (Bio-Rad). Mouse kidney RNA from a single
preparation was run in triplicate for each RNase protection
assay and served as an interassay reference. This analysis
was repeated at least twice for all tissues examined.

Western blot analysis. Membrane proteins were extracted
from LV tissues using a modification of published methods
(24). The pellet was resuspended with buffer (1:10 wt/vol; 20
mM NaPOy, 0.5% SDS, and 3 M urea), briefly sonicated, and
then clarified (4,340 g, 5 min). Membrane protein concentra-
tion was determined using the Bio-Rad Protein Assay kit II
(6) using bovine serum albumin as the standard. The sample
(20 ng) was electrophoresed using standard protocols (25),
and gels were stained with Coomassie blue or transferred to
0.45-pm nitrocellulose membranes (38). Purified rabbit lung
ACE (0.4 pg, Sigma; St. Louis, MO) served as a positive
control. Anti-human ACE antibody (Peninsula Laboratories)
was used at a concentration of 1 pg/ml, anti-actin antibody
(clone C4, ICN Biomedicals) was used at a 1:3,000 dilution,
and peroxidase-conjugated AffiniPure goat anti-mouse IgG
(Jackson ImmunoResearch Laboratories) was used at 0.04
pg/ml. Bands were detected with chemiluminescence using
Super Signal West Dura Extended Duration Substrate
(Pierce). Band intensity was determined densitometrically
using a Fluor-S Imager (Bio-Rad) and Quantity One soft-
ware.

Statistical analysis. The data presented are representative
of a minimum of two separate experiments. Data are ex-
pressed as means = SD. Differences between groups were
assessed using an unpaired Student’s ¢-test. In all cases,
differences were considered significant when P < 0.05.

RESULTS

Gender differences in ventricular expression of mu-
rine ACE. To test whether gender differences exist in
cardiac ACE expression in the adult mouse, a RNase
protection assay was developed to measure ACE
mRNA levels. A synthetic antisense RNA complemen-
tary to a 272-nucleotide region at the 5’ end of the
somatic isoform of murine ACE was produced. This
segment of the ACE mRNA exhibits only 43% nucleo-
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tide identity with the testis-specific isoform with the
nucleotide identity restricted to stretches of 10 nucle-
otides or less. As a result, this riboprobe is specific to
the somatic isoform of ACE. Quantitative detection of
ACE transcript levels was assured by verifying that
RNase protection was performed under conditions of
probe excess.

ACE mRNA levels in 12-wk-old Swiss-Webster mice
were measured by RNase protection and normalized to
GAPDH levels to correct for variation in sample load-
ing (Fig. 1A). Quantitation of the RNase protection
assay revealed that ACE mRNA was significantly more
abundant in ventricular RNA from male mice com-
pared with female mice (Fig. 1, B and C; RV: 1.5-fold,
P < 0.05; LV: 2.0-fold, P < 0.0005). This gender differ-
ence in ACE mRNA expression was seen in both the RV
and LV (Fig. 1, B and C). It was not apparent in RNA
isolated from the lung, whereas a slight gender differ-
ence was detected in the kidney (data not shown).
Because ACE mRNA is substantially more abundant
in the lung than in the heart, we questioned whether
the lack of gender difference in lung ACE mRNA ex-
pression correlated with the robustness of ACE expres-
sion in that tissue. To address this, we repeated this
analysis with total brain RNA. Despite similar ACE
transcript abundance in brain and heart RNA, no gen-
der difference in ACE expression was detected in the
brain (Fig. 1D).

H1999

Because differences in RNA abundance do not al-
ways reflect differences in protein expression levels, we
used Western blot analysis to determine whether gen-
der differences exist in ventricular ACE protein levels.
LV membrane proteins were extracted from 12-wk-old
Swiss-Webster mice, and 20 pg of protein were immu-
noblotted using an anti-ACE antibody (11) with a prep-
aration of purified rabbit lung ACE serving as a posi-
tive control. The lower one-half of the membrane was
immunoblotted with an anti-actin antibody to provide
a loading control (data not shown). A separate gel
loaded with the identical samples was stained with
Coomassie brilliant blue to verify sample integrity.
Band intensity was measured using densitometry to
demonstrate that ACE protein was 1.6 times (P < 0.05)
more abundant in LV samples from male mice than
from females (Fig. 2).

Because strain-dependent variations in cardiovascu-
lar parameters have been described in laboratory mice,
we questioned whether a gender difference in cardiac
ACE abundance was specific to the Swiss-Webster
strain or whether it was apparent in other mouse
strains as well. To address this question, we compared
cardiac ACE mRNA levels in male and female mice
from the C57/Bl6 strain using the RNase protection
assay described above (Fig. 3). Male C57/B16 mice also
had uniformly higher levels of ventricular ACE mRNA
than age- and strain-matched females, although the
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Fig. 1. Angiotensin-converting enzyme (ACE) mRNA levels are more abundant in left ventricular (LV) samples
from male mice than from females. A: RNase protection assay was used to detect the transcripts for the somatic
isoform of ACE [protected fragment: 272 nucleotides (nt)] and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; protected fragment: 164 nt) in LV RNA samples from 12-wk-old Swiss-Webster mice (n = 8 females and
8 males). Intact (undigested) probes for both molecules are included for comparison. Kidney RNA (+) and yeast
tRNA (—) served as positive and negative controls, respectively. A representative experiment is shown. B—D: ACE
mRNA levels in 12-wk-old Swiss-Webster mice were measured using an RNase protection assay and quantified
using a phosphoimager. GAPDH mRNA levels measured in the same sample were used as a normalization factor
to correct for variation in sample loading. ACE mRNA levels were significantly greater in ventricular RNA from
male mice than from female mice with a slightly larger gender difference detected in LV (B) samples compared with
right ventricular (RV; C) samples (2.0 times vs. 1.6 times). Bars represent means = SD. Despite relatively similar
ACE transcript abundance in brain total RNA, no gender difference in ACE expression was detected in this tissue
(D).
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Fig. 2. Gender differences exist in LV ACE protein expression. LV
membrane proteins were extracted from 12-wk-old Swiss-Webster
mice, and 20 pg of protein were immunoblotted using anti-ACE
antibody. Purified rabbit lung ACE was used as a positive control,
and a duplicate gel was stained with Coomassie brilliant blue to
verify sample integrity. Only a small region of the Coomassie blue-
stained gel is shown (A). The positions of the 217- and 123-kDa
protein size markers are indicated. B: densitometry of the Western
blots revealed that ACE protein levels were 1.6-fold greater (P <
0.05) in LV membrane preparations from male mice than from
female mice. To adjust for possible variations in sample loading, the
membranes were immunoblotted with an anti-actin antibody, and
ACE immunoreactivity normalized to actin levels was also 1.6-fold
greater in male mice (n = 4) than in female mice (n = 6). Bars
represent means + SD.

difference between genders was smaller than that
measured in the Swiss-Webster strain (Swiss-Webster:
2.0-fold, P < 0.0005; C57 Bl6: 1.4-fold, P < 0.0005). We
also determined whether gender differences in cardiac
ACE abundance were apparent in both young and old
mice. No gender differences in ventricular ACE mRNA
were seen in 6-wk-old C57/B16 mice (data not shown),
but gender differences in cardiac ACE mRNA levels
were apparent in 12-wk-old animals, and these differ-
ences persisted until at least 8 mo of age (Fig. 3).
Underlying gender differences in ACE expression re-
sult in greater absolute levels of ACE in male cardio-
myopathic mice. Many investigators have shown that
cardiac ACE levels increase in experimental models of
cardiac hypertrophy or failure (4, 18, 26, 36) as well as
in the failing human heart (28a). Are gender differ-
ences in ventricular ACE levels apparent in diseased
hearts as well? To address this question, ventricular
ACE mRNA levels were measured in a transgenic
mouse model of cardiomyopathy (41) and compared
with age- and gender-matched nontransgenic litter-
mates. Ventricular ACE mRNA levels were increased
in cardiomyopathic mice (Fig. 4, hatched bars) com-

ACE AND GENDER

pared with age- and sex-matched controls. Both
male and female cardiomyopathic mice had increased
levels of ventricular ACE relative to age- and sex-
matched controls. However, when the absolute ACE
mRNA levels were compared, it was clear that ACE
mRNA levels were greatest in male cardiomyopathic
animals (Fig. 4).

Surgical gonadectomy in male and female mice re-
sults in antithetical effects on ventricular ACE mRNA
levels. Given the role of estrogen in influencing the
levels of renin-angiotensin system components in non-
cardiac tissues (see Refs. 7 and 30), we questioned
whether gonadal steroids play a role in regulating the
expression of the cardiac ACE levels in the mouse. To
address this question, albeit indirectly, C57/B16 mice
were subjected to surgical gonadectomy, RNA was pre-
pared from the hearts of these animals, and left ven-
tricular ACE mRNA levels were measured in surgi-
cally intact and gonadectomized mice. As expected,
there was an increase in ventricular ACE mRNA levels
in agonadal females (28% increase vs. surgically intact
controls, P < 0.05). Unexpectedly, ventricular ACE
mRNA levels in androgen-deprived males were sub-
stantially lower than in surgically intact males (37%
decrease vs. surgically intact controls, P < 0.0005) and
were equivalent to the levels measured in surgically
intact females (Fig. 5).

DISCUSSION

We have presented data demonstrating a gender
difference in the expression of ACE in the murine heart
with greater cardiac ACE levels seen in male animals
compared with females. Moreover, we have shown that
ventricular ACE abundance is altered in agonadal an-
imals and that male and female mice exhibit antithet-
ical changes in ACE expression in response to surgical
gonadectomy. It has been proposed that increased ACE
abundance in the hypertrophied and failing heart may
contribute to the local generation of angiotensin II and
impact cardiac remodeling through local paracrine or
autocrine effects (1, 31, 45). The greater abundance of
ventricular ACE in males may contribute to the ten-
dency of male rodents to develop cardiac dilation,
which has been described in transgenic mouse models
(23, 41), spontaneously hypertensive rats (43), and in
response to LV pressure overload in rats (46) and in
humans (9, 13, 42).

Potential mechanisms contributing to gender differ-
ences in cardiac ACE expression include negative reg-
ulation of ACE expression by estrogen and positive
regulation of ACE expression by testosterone. Gal-
lagher et al. (15) demonstrated that supraphysiological
concentrations of estrogen in the rat (894 pg/ml) de-
crease ACE expression in the kidney, lung, and aorta
(15). Our data are consistent with that report and
suggest that estrogens also have a negative effect on
the cardiac expression of ACE. No conserved estrogen
response elements have been identified in 5’ flanking
DNA from ACE genes (19, 20, 47). However, there is a
putative activator protein-1 (AP-1) site located ~300
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bp 5’ to the transcriptional start site in human, rabbit,
and mouse ACE genes, and AP-1 sites have been
shown to be negatively responsive to estrogen in other
genes. In addition, because ventricular ACE mRNA
levels were decreased in androgen-deprived males, we
suggest that testosterone may play a role in regulating
ACE expression in the mouse heart. However, further
experimentation is needed to determine whether li-
gand-bound steroid hormone receptors regulate ACE
expression directly.

Although the testis-specific ACE isoform is positively
regulated by androgens (40), studies on the regulation
of the somatic ACE isoform by nonestrogenic steroids
have focussed on the effects of glucocorticoids. Dexa-
methasone treatment increases ACE activity in cul-
tured endothelial cells (12) and cultured cardiac fibro-
blasts (5, 17). However, Dasarathy et al. (12) reported
that testosterone did not stimulate and estrogens did
not decrease ACE activity in cultured bovine pulmo-
nary artery endothelial cells (12). It is not clear
whether the lack of stimulation of ACE by testosterone
described by Dasarathy et al. (12) in cultured endothe-
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Fig. 4. Absolute levels of LV ACE mRNA are greater in the LV of
male compared with female cardiomyopathic mice (HCM). Ventric-
ular ACE mRNA levels were measured in transgenic cardiomyo-
pathic mice and compared with age- and gender-matched nontrans-
genic littermates. Ventricular ACE mRNA levels were increased in
cardiomyopathic mice compared with age- and sex-matched controls,
and the absolute levels of ACE mRNA levels were greater in male
animals (A) than in females (B). Bars represent means = SD.

lial cells reflects the response of all ACE-expressing
cells in vivo. A number of cell types have been shown to
express ACE, including endothelial cells, vascular
smooth muscle cells, and activated macrophages. How-
ever, it is not clear whether cells other than endothelial
and vascular smooth muscle cells express ACE in the
healthy adult mouse heart. We also do not know
whether the gender difference in cardiac ACE expres-
sion we report in this study reflects differential ACE
expression in several cardiac cell types or differential
expression in a subset of cells. Furthermore, gender
differences in ACE expression were not detected in all
tissues. Because we expect that different tissues within
an individual mouse would be exposed to the same
hormonal milieu, this suggests that the hormonal mi-
lieu is necessary but not sufficient to generate a gender
difference in ACE expression. In addition, no correla-
tion was seen between the robustness of ACE expres-
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Fig. 5. Surgical gonadectomy in male and female mice results in
altered ventricular ACE mRNA levels. LV ACE mRNA levels were
measured in surgically intact and gonadectomized animals. Anti-
thetical changes in LV ACE mRNA levels were seen in the gonadec-
tomized male and female mice. Bars represent means * SD. OV,
ovarectomized females; CA, castrated males. *P < 0.05 versus all
other groups.

n=6
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sion in a tissue and the presence of a gender difference
in its expression. For steroid hormone receptors to
influence the expression of the ACE gene, the appro-
priate hormone receptors must be coexpressed in the
target cell. ACE expression in different tissues also
may be influenced by the presence of tissue-specific
coactivators, such as FLH2, a cardiac-specific coactiva-
tor of the androgen receptor (28a). To clarify whether
this scenario operates in the heart, further studies are
needed to identify cells in the male and female mouse
heart that coexpress ACE, the androgen receptor, or
estrogen receptors (a or B) and coactivators for these
steroid-hormone receptors.

A number of investigators have demonstrated in-
creased cardiac ACE levels in failing hearts. It is in-
teresting to note that the gender difference in cardiac
ACE levels that we report in healthy mice (1.4-fold in
C57/B16 mice and 2.0-fold in Swiss-Webster mice) are
similar in magnitude to the differences reported be-
tween healthy and failing hearts of several species (for
examples, see Refs. 4, 18, 36, and 49). Moreover, we
demonstrated that in a cardiomyopathic mouse model,
ventricular ACE mRNA levels were increased in both
male and female animals, but the absolute levels of
ACE were greatest in hearts from male cardiomyo-
pathic mice. The functional significance of this differ-
ence remains to be determined. However, if the heart is
taking up angiotensin I from the circulation, these
gender differences in cardiac ACE expression could
prove sufficient to influence local production of angio-
tensin II. On the basis of our findings, we propose that
cardiac production of angiotensin II is greater in the
hearts of male mice than female mice and that this
increased local capacity to generate angiotensin II is
sufficient to influence the remodeling of the heart when
a pathological stimulus is imposed. Further studies are
needed to determine whether these gender differences
in tissue ACE expression exist in humans and to clarify
the roles of estrogens and testosterone in regulating
these differences.
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